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ABSTRACT: The background of calibration research for nuclear soil
density gages is summarized, The physical and mineral descriptions of

the master density reference standards developed by the California Division
of Highways are presented. Fabrication and testing details are discussed;
and test data from three gages of different manufacture on the standards are
given. It is concluded that'# is practical to fabricate density standards, and
that the calibration curve developed on them can be used for most common
California soils, The use of the master standards, and supplementary stan-
dards in the districts, is expected to increase the uniformity and accuracy
of calibration of the nuclear instruments.

KEY WORDS: Soils, compaction control, nuclear applications, nuclear
moisture - density determinations, nuclear testing, calibration, standards,
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INTRODUCTION

The California Division of Highways, beginning in 1954, has investi-
gated the use of nuclear gages for determining soil moisture and density,
Several formal research studies were conducted by the Materials and
Research Department. As a result of these investigations, the Division now
designates nuclear testing in its Materials Testing Manual as a method for
ascertaining soil moisture and density in earth embankment construction
control,

Determination of soil moisture and density with nuclear gages is an
indirect method of testing. FElectronic equipment is used to measure the
radiation returned from a soil, during irradiation by a source contained
in the gage., The amount of radiation returned is proportional to the
density or moisture content of the soil, This requires that the units be
calibrated by some means prior to their use. Recalibration may be
required when a gage is repaired, a major component is replaced; or
when electronic drift occurs within the gage. It is also necessary to
periodically check the calibration of a unit, even without change in its per-
formance, :

Usually the gage manufacturers will supply calibration curves. The
use of these has been generally unsatisfactory due to lack of means for
reference, and in some cases, incorrect calibration. Most gages have also
been calibrated (by the users) by correlation of nuclear results with sand
volume tests, and/or soil compacted in large molds, Correlation with sand
volume densities is undesirable due to the variability of the sand volume
method, and the usual lack of a sufficient range of field densities. Volu- -
metric soil molds are not desirable as an absolute means of calibration due
to possible nonuhiformity of material, and limited range of densities,

Also both methods are laborious and non-permanent, Another objection is
that they do not provide a standard reference. That is, there is no assur-
ance that the calibration will be uniformly acquired or duplicated over a
period of time, and from one California Highway District to another,

For the effective use of nuclear gages in highway construction, it was
thought that permanent means must be provided for external calibration of
the units, Fach California Highway District should have a set of moisture
and density standards, which would, in turn, be referenced to a common or
central set of master standards. To answer this need, the program to
develop moisture and density standards was initiated as a state-financed
research project in July, 1967. A subsequent proposal was made for con-
ducting the research as a BPR participating project and approved in
September, 1968,

Thework performed under the research authorization, and discussed
in this report, includes a survey of past research by California and others
which has bearing on the calibration problem. A set of master density stand-
ards was developed, representing two chemical compositionsr-calcareous
and siliceous. These were tested and evaluated, Prototypes of standards
suitable for California Highway District use were fabricated and tested.
Also, soil samples compacted in large molds for associated research were
tested. These data are presentedand a tentative evaluation is included in the
discussion.
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‘Replicas of the high and low density prototype district standards
have recently been made, and are being evaluated, The knowledge gained
in their use, procedures developed, etc., will be discussed in a subse-
quent report. The development of the moisture standards will also be

- reported separately.

CONCLUSIONS

1. Calibration standards can be satisfactorily fabricated of
portland cement and selected aggregates. These are as
stable and uniform as those cut from natural stone,

2, Even when exercising great care in fabrication, it is probable
that there will be a variation of density within the standard of
+ 1 to 2 lb per cu ft from the bulk density calculation for the
block., This probable variation also exists in the natural stone
standards,

3. Over the rahge of densities comprised by the California standards
(93 to 170 1b per cu ft), the calibration appears to be slightly
curvilinear when plotted on semi-~logarithmic paper.

4, When testing a wide range of soils compacted in a large mold;
it is estimated that the probable accuracy of the nuclear test
(one standard deviation} is 2 to 2.5 1b per cu ft when using a
calibration determined on the standards,

5. The basic calibration determined on the master density standards
is satisfactory for use in construction control for the common
California soils. Some adjustment may have to be made for

 specific gages when testing unusual materials.

6. The use of a high and low density standard in each of the High-
“way Districts, in conjunction with the master or central stand-
ards, should greatly improve the uniformity and accuracy of
nuclear gage calibration within the state,

) | v i DISCUSSION

" Problems in Gage Calibration

Calibration problems were initially encountered by the California Divi-
sion of Highways with the use of a commercial backscatter type nuclear moisture

‘and density gage in 1959-1961, % The gage, using the manufacturer's calibration,

indicated densities up to 15 1b per cu ft heavier than those determined by the
sand volume test (L), This was corrected by calibrating the gage on soil com-
pacted in a large mold; a measure suggested by the gage vendor., During the

WAVW fEISl\O com

*The California Division of Highwé,ys used an early commercial nuclear gage to
experimentally i Emgestlga.te changes in moisture and density on highway projects
as ea.rly as 19541)
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period 1961-1964, a number of reports were published by California and .
others, whlch indicated ‘that individual ca11brat10n curves were required
for varioas sorl types.ﬁ ThlS meant, of course,’ that a set ‘of permanent
standards cou.ld n,ot ‘be’ used It should be borne’ in mlnd that most of this
work was done w1th the backsca.tter or surface type nuclear dens1t'y’ gage,

Weber. reported in testlng SO_llS on 10 constructmn pro]ects, Yeowsa,
calibration curve is'requiréd for each soil and that more than one calibra-
tion curve generally will be requ1red for each construction project," (1, p. 68).
Worona and Gunderman indicated that both soil type and gradation affected the
carrelation of the nuclear gage result with the sand-cone method (2). Ralston
and Anday attempted to develop laboratory calibration curves for use in the
field with different major soil types {3). They discovered in the 1abora.tory
phase of the1r 1nvest1gatlon that surface texture was critical. In their field
work’ they féund that use of the laboratory developed curves indicated densi- .
ties less than those indicated by conventional in-place density tests. It was |
concluded that calibration should be based on field data. '

TR 1964 65, laboratory research, conducted by the Callforma Division
of I—I1ghways, showed that the transmission type density test had a significant
advantage over the backscatter test (4, p. 9). It was found that surface texture
affected the conventional backscatter test profoundly, but had negligible effect
on the tra.nsm1ssion test at the deeper probe depths, This study also showed
that collimation of emitted radiation improved the backscatter test, making
it more sensitive to dens1ty, while reducing the effects of surface texture.

. There are two primary reactions as gamma radiation passes through
matter.” One, called Compton scattering, is that of an incident gamma ray
encountering an electron, to which it imparts a portion of its energy, and
departing W:th lower energy and at a different angle, This occurs with radi-
ation of h1gher energy, and is not apprec1ably affected by the chemical identi- .
fication of the atom. The second reaction, called the photoelectric effect,
is dommant f6r the lower energy, gamma radiation. Here the energy of the ray
is entlrely absorbed by the atom, causing either release of an electron, or a
rise in'its energy level. The different elements vary greatly in their capacity
to absorb ra,dlatlon in this manner. This second phenomenon is believed to
be the primary cause of the calibration problems with regard to soil type.

As a consequence, much effort has been expended by several 1nvest1gators
in attempting to compensate for the chemical makeup of soils by maximizing
the Compton effect and minimizing{or' correcting for) the photoelectric reaction.

_'Kihn pr0posed a test method in which an air gap is 1n1:roduced between
the gage and material tested, and increased until the maximum count rate is
obhserved (5) This height depends on the Compton or backscatter interaction,
and theoretrca.lly should be a functlon of dens 1ty rather than chemical composi~
tion. He 1nd1c:a.ted that the effect of roughness is eliminated by this technique;
howevet, later California research showed that roughness affected a reading
at optimum air gap as much as a flush reading (4, p. 66, 124). Preiss sugges-
ted that a nuclear gage should be designed on the Compton scattering process
to minimize the-absorption reaction, or chemical effect (6). His proposed
a.rrangement of’ source and detector was such that the once or tw:.ce scattered
photons constﬂ:uted the major part of the count, This scheme tinimizes the
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depth of penetration of the radiation, and the probability of absorption.
However, California research had §hown that collimation of the source,
to promote maximum penetration of the soil by the radiation, resulted

in superior accuracy and greéatly minimized the effects of surface rough-
ness (4, p. 28, 62), Also, experience with the Lane-Wells mobile unit
showed that a backscatter arrangment using a collimated detector and
source could effectively tell density on a variety of soils (7). This equip-
ment used a single limestone black as a calibration reference.

Ballard and Gardner proposed that nonsoil standards of known
cheimical composition be used-as a basic calibration. A mathematical
correction would then be applied to compensate for the known or esti-
mated chemical composition of a soil (8). They indicated that concrete
standards were not satisfactory as calibration references. Williamson and
Witczak published the experiénce- of the Indiana Highway Department with
the backscatter type of portable instrument (9). They found that distinct
parallel curves existed for coarse and fine grained material. The use of
a soil's pH to indicate mineral composition was discussed. It was suggested
that a family of field calibration curves be developed based on gradation and
soil pH. Todor and Gartner (Florida) reported that using the direct trans-
mission principle seemed to eliminate the necessity for individual calibra-
tion curves (10). However, it was necessary to shift the curve (determined
in the laboratory using soil compacted in a mold) approximately 2 Ib per cu
ft to correlate with a water balloon type field density test. Anday and
Hughes suggest that the whole problem of soil type can be avoided by use
of direct comparison between a control strip and the test site. (11) . They
state that any calibration can be used, providing it is sufficiently sensitive, *

In 1965-1967, California conducted a large scale field evaluation of
the use of nuclear gages in actual construction control situations (12}, The
transmission type gage was found to be acceptable for this use. If was
also found that a single calibration curve could be used for all soils when
the deeper probe depths were employed. The commercial backscatter type
gages, as used in the research, were not suitable for compaction control,
It was recommended that permanent standards should be established, and
that field calibration by correlation with in-place densities using the sand
volume method, should be discouraged.

The Oklahoma ‘Department of Highways reported the fabrication of
standards for depth density gages using crushed stone and river gravel in a
container (13). This provided three density calibration points for each stand-
ard; dry, flooded, and saturated. A compacted clay was also used to supple~
ment these references. They report that the use of a combined calibration
curve from these standards permits the determination of density within a
band width (maximum) of + 4.4 percent. Readings with the gage on the con-
crete reference standards used by the equipment manufacturer fell within
these limits,

*The calibration curve must have a valid slope {relative change in counts
versus density), as well as having sufficient sensitivity. Therefore, the
basic problem is still present, even when using the test strip technique,
i.e., providing reference standards for the calibration and checking of
the nuclear gage. '

www fastio.com
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In summary, the essential mechanism in determining density with

a nuclear gage is that of the overall attenuation and absorption of gamma
ray energy by the soil. This includes both the Compton and photoelectric
reactions, The successful gage has a geometry which insures that the
mean free path of gamma rays through the soil is long enough to achieve a
high probability of the terminal radiation reaching the detector tube being
proportional to density, The transmission type test at the deeper probe

. depths, or a modified backscatter test such as used by the Lane-Wells
apparatus, fulfill this requirement. If then becomes practical to develop
a set of reference standards for the purpose of gage calibration.

Criteria for Density Standards

One of the problems encountered in the design of density standards

is choice of material, Some investigators have argued that standards should
be made of artificial materials such as layered gypsum board, metals, and
various chemical compounds in order to obtain better uniformity of density
and chemical composition. However, for the purposes of the California
Division of Highways, the master density standards should represent the com-
‘positional and density extremes found in local soils, Individual uniformity in
density and composition is also important,

Of the possible soil constituents which may affect a nuclear density
test, silica and calcium are most apt to be found in concentrated form-at some
locations within California,* Therefore, two sets of standards were designed,
By making one of these sets predominantly siliceous in composition, and the
other predominantly calcareous, the range of chemical composition of
California soil should be encompassed, Since the chemical composition of soil
is derived from the parent rock, it was believed at the time that the standards
should be fabricated of natural stone where possible,

Three densities were desired for each set of standards. One density
should be less than the minimum densities normally encountered in California
soils, the second should be near the middle of the California soil densgity
range, and the third should be greater than the maximum densities normally
found in California soils, ' : '

The following criteria were established for the two sets of master
density standards:

1. Fach set should include the range of densities encountered
with California soil (as outlined above}.

2. All standards should be uniform and homogeneous with respect
to chemical composition and density.

3. The standards must be sealed to prevent undue change in weight
dde to variation in moisture content after drying to equilibrium.,

%At the present time, one location is using considerable quantities of a slag
with high calcium content.

ClibPDF - www .fastio.com
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- The configuration of the standards should effectively represent
an infinite volume to the instrument, Previous experience and
research have shown that a standard with dimensions of at
least 18 in. x 18 in, x 12 in. substantially fulfills this criterion (4).
(The master density standards measure approximately 18 in, x 22 in.
%16 in.)

Comp’os-it-ion, Dens itjr‘of Master Standards

- Samples of natural stone having the desired chemical composition were
obtained from several locations throughout the state. Specific gravity tests
were run to determine the bulk densities of the materials. Standards were then
made from the stone having the required unit weights and chemical composi~

tions. The standards cut from natural stone are:

1. Low density silica, S-1, 93 1b per cu ft (buff)
2, Hi_gh density silica, S-3, 165 lbs per cu ft {granite)
3. High density calcareous, C-3, 170 lbs per cu ft (marble)

Natural stone suitable for the remaining three blocks was not readily

~ available, so they were cast of concrete made of portland cement and selected

aggregates having the desired cherical composition. The aggregates were
restricted in size to those passing a No. 4 sieve in order to more easdily attain
unifermity of density and mineral content, Specific gravity tests were conducted
on.potentially suitable aggregates to determine which could be used to obtain the

-.densities sought. The standards cast of concrete were as follows:

1. Low densit;} c'alca'reous, C-1, 102 1bs per cu ft (calcite - tufa)
2, Middle density calcareous, C-2, 135 lbs per cu ft (calcite)
3. 'Middle &ensity silica, S-2, 127 lbs per cu ft (silica-sand)

Mix designs for the standards are given in Table 1, See Photos 1 and 2 for the
master standards . :

www . fastio.com
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PHOTO NO. 1

Finished Calcium Master Density Standards.

PHOTO NO. 2

Finished Silica Master Density Standards.
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Table 1

Approximate Mix Design of Cast Standards

Specific % By % By

Materiaii - Gravity Weight Volume Grading Range

Calcium Standard, C-1, Unit Weight = 102 lbs per cu it

Cement . 3,15 26 14
Water 1.00 12 21
Air : - . _ 0 8
Calcite Sand 2.70 18 11 -#4 to +#50
Tufaceous Sand 1,60 44 46 -#4 to +#50

s

Calcium Stand?a'b;?\-nt'l‘;‘ C-2, Unit Weight = 135 1bs per cu ft

Cement 3.15 7 . 20 14
Water 1.00 8 19
Air - ' 0 T
Calcite Sand 2.70 T2 60 -#4 to #50

Cement 3.15 16 11
Water 1.00 8 18
Air - 4] 9
"8ilica Sand 2.65 76 62 -#30 to +#50

. Chemical Analysis of Master Standards

The general mineral compositions of the master standards are presented
in Table 2. These compositions are estimates based on core samples taken
from the master standards when drilling transmission holes. The quantities
are given as oxides of the materials expected in the samples. Therefore,
if the minerals are present as oxides other than those reported, these
estimates may be in error,

ClibPD www . fastio.com o .
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Table 2

Master Density Standards
Mineral Composition Standards

‘ Ignition
Standard Silica Alumina Calcium Magnesia Iron Loss - Potassium
. Number Si02 Al203 Ca0 ‘Mg O .Feq03 Coz % K
’ c-1 31,8 8.5 32.0 1.1 2,8 20,32 .25
. Cc-2 4,5 1.6 54,0 0.6 0.9 37.72 .09
. X Cc=3 . 0.8 | : 0.1 34_..5 , 17.2 0.4 46,35 .01
- §5=1 70,7 13.7 1.45 1.1 2.5 1.26 .14
_ S-2 76.5 0.9 10.6 0.4 3.3 4,41 .07
. 53 64,0 17.6 4.3 1.9 4.0 1,14 .36

Composition, Density of Prototype District Standards

Next, the prototypes of the reference standards for District use
were fabricated, Since these are to be used simply as calibration checks,
there was no requirement concerning chemical composition. Two
densities were desired which would be representative of the range commonly
found in compacted California soils, and which would differ by 35 to 45 lbs
per cu ft, This would insure that calibration curve verification with the
reference standards would be less sensitive to minor testing discrepancies,
With these two exceptions, the district prototypes were designed and built
using the same criteria which governed the master standards. The first
prototypes were rejected, because the resultant densities were unacceptable
{one too low, the other too high). Also, the material used for their fabri-
cation was from a rather uncommon origin, and it would be hard to duplicate
. these blocks, A third block was fabricated to obtain an additional calibra-
tion point for research purposes. These three prototypes are labled as the
T blocks with densities of 93, 134 and 160 lbs per cu ft. Although these
. blocks were unacceptable as district prototypes, they have proved useful
for additional points on the calibration curves, '

After rejecting the above standards as district prototypes, two new
biocks were fabricated, based on the same criteria, but using material that
was more easily obtainable. The district prototypes are designated as P-1 and
P-2 with densities of 112 and 152 lbs per cu ft, respectively, Since these
blocks satisfied all criteria, a duplicate set of reference standards was made
for each of the highway districts.

ClibPDF - www .fastio.com
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Physical Description of Master and Prototype District Standards

The dimensions of each standard were measured to the nearest . 001
foot in three trials by three individuals, The volume of each standard was
calculated from the average of the three sets of dimensions.

Using scales accurate to the nearest pound, the standards were weighed
periodically until the weights appeared to stabilize. The blocks were then
- sealed, Weights obtained just prior to sealing of the blocks were used for
the initial bulk density calculations, and later adjusted for change in weight
due to additional water loss. Note that of the master standards, only the
natural blocks, changed appreciably in weight. The changes were (over a
l-year period): :

I. C-3, 173 to 170 ibs per cu ft.
2. S-1, 96 to 93 lbs per cu ft.
3. S-3, 168 to 165 1bs pler cu ft,

The physical data for all of the standards are summarized on

Table 3,
_ _ Table 3
Physical Properties of the Standards
' o ' Bulk Predominant
Standard Length Width Height Vo 1u§e Density Mineral Method of
Number (ft.) L(fe.)  (ft.) (ft.”) pef Compound Fabrication
e-1- 2,01 1.67 1,33 bbb 102 Calcite~tufa Cast
C=2 2,01 1.68 1,26 4,26 135 Calcite Cast
C-3 1.82 1.51 © 1,26 3.46 170 Marble Natural
s-1 1.84 1.59 1.27 3,72 93 Tuff Natural
S=2 1.83 1.50 1,31 3,60 127 8ilica Sand Cast
5~3 - L.67 1.26 1.24 2,59 165 Granite Natural
P=-1 1,84 1.50 1,33 3.65 112 °  Expanded Shale Cast
P=2 1,84 1,50 1.34 3.66 152 P.C.A. Cast
‘ - Sacramento®
Tml 1.84. 1.49 11,34 3.66 a3 Lava Cast
Te2 1.84 - 1.49 1.33 3,66 160 Volcanic Ash Cast
_T=3 1.83 1.50 1,33

3.65 134 Schist Cast

*P,C.A. Sacraménto - typi.ca'l river run aggregate consisting of volcanie, granitic,
sandstone, and many other materials. : : i

ChibPDF - www.fastio.com
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Fabrication Details, Preparation for Testing

The stone standards were cut 1':';‘3 size and surfaced by a local monu-
ment company., The testing surfaces were finished plane and smooth.

The cast standards were fabricated by research personnel, Orig-
inally, there was some doubt as to whether or not uniformity in the con-
crete standards would be attainable. Due to the care taken in batching
and mixing, however, it is felt that they are satisfactorily uniform.,

Since the concrete mixer was relatively small, 2.2 cubic feet maximum
capacity, each standard had to be fabricated in two lifts, This may have
helped uniformity as batching in 2 lifts tends to prevent a density gradient
within the block, due to segregation of aggregates.

The top surfaces of the cast standards were not smooth. This would
cause errors if nuclear readings were taken on these surfaces. There-
fore, after three months of curing, the hlocks were sent to a monument
company for surfacing. It was extremely difficult to obtain a plane surface
because the surfacing wheel tended to dig out aggregate particles. However,
the bottom surface of the blocks, as cast, proved to be satisfactorily smooth
for testing with the nuclear gages, :

Once the desired surface was attained on both the natural and cast
standards, two 3/4~in. holes were cored vertically through each block for
the transmission type gages (Photo No. 3). The two holes were drilled so
that the standards could be tested in two positions, and to permit their use
with a variety of instruments, regardless of instrument configuration.

To help maintain density stability, the standards were coated with epoxy
paint, The sealing of the blocks lessens the change of weight change due to
climatic conditions (Photo No. 4). Once the standards were sealed, they
were weighed again to determine the epoxy weight, This proved to be negli-
gible., Readings were taken with the nuclear gages before and after sealing
to check the effect of the epoxy coating on the nuclear test. No effect was
detected, Stages of development are shown in Photo No. 5.

Protective wooden containers were built for the standards leaving
only the top surface exposed. FEach standard is mounted on a dolly to pro-
vide ease of movement to and from storage, and to facilitate separation of

the standards when several gages are being operated simultaneously.

Testing Standards with Nuclear Gages

Throughout this project, certain basic procedures were followed to
insure consistent results. The gages were warmed~up, by continuous counting
for at least fifteen minutes, to reduce the possibility of error from unstable
electronics, Gage standard counts were taken prior to, and periodically
throughout, the test period, The standard count is used to check and compen-
sate for minor electronic drift and to detect gage malfunction. Another
control procedure followed was care in placement of the gage on the standard.
The transmission hole in the standards has a slightly greater diameter than
the transmission rod. As a consequence, the nuclear reading on a standard
can vary with different positioning of the instrument., This can amount to as
much as 6 lbs per cu ft on a standard of 127 Ibs per cu ft. Therefore, greater
reproducibility was achieved by always pulling the gage to the rear after
inserting the transmission rod (See Photo No, 6). '

www fastio.com
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Drilling Transmission Holes in Standard.

PHOTO NO.4
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Three Stages of Development, Left to Right:
I. Block in Forms. 2. Block Curing. 3. Block Sealed.

PHOTO NO. 6

Nuclear Gage in Transmission Test Position.
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The three nuclear gages used for testing the density standards were:

1. Nucleaf Chicago, Scaler Model No. 5920, probe No, 5901, with
4.5 mc radium-beryllium source. (Modified for transmis sion)

2. ‘Troxler, Scaler Model No. 1603, probe No. 1401, with 3 mc
radium-beryllium source. (Source in rod)

3. Portaprobe Model No. AM2 with a 10 me Cesium 137 source,
50 mc Americium 241-Be,

The use of three different instruments provided a means of evaluating the
effectiveness of the density standards when calibrating gages of various
physical configurations and radioactive sources. Figures 1, 2 and 3 show
calibration curves for each gage,

The overall response of the nuclear gage is that of a proportional loss of
gamma ray energy with increase in soil density, The function can be approxi-
mated by the expression:

R = RO e“up
Where: R = radiation at detector

R,= injtial radiation

e = base of the natural logarithms

u

¢

x = distance between source and detector

absorption coefficient (material property)

i

density

Since the distance between the source and detector is constant for a given
test mode, it is convenient to represent it in its logarithmic form:

log R = logg R - Ad-log, e-P
clR_ = cpRg4 ~ c3.e
or: R =cgR, - c5-0

which of course plots as a straight line on semi-logarithmic paper. This
expression has usually given the best results in regression analysis of nuclear
gage readings versus densities determined by other means.

However, it appears that, over the range of densities studied with the
three different nuclear gages on the California calibration standards, the rela-
tionship is slightly curvilinear on a semi-logarithmic plot. This is probably
to be expected, as the absorption factors are not constant, but vary with
‘density, Rather than fit a continuous curve to the data, it has been found conveni-
ent o approximate the relationship by two straight lines of slightly different slopes
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rri‘e'eting at 130 - 135 Ibs per cu ft, Figures l, 2, and 3. These calibration
curves are obtained by visual best fit, and are not the result of regression
ranalysis, :

The variance, or scatter, observed in the data is considered to be
representative of what may be expected with similar standards of differing
materials and methods of fabrication. For example, there is a probable
variation from point to point within the standards (both cast and natural)
of +1to 2 1lb per cu ft from the bulk density used in plotting. Associated
work with cast standards has shown a density gradient from top to bottom -

-even with the extreme care used in casting, And, there are differences in
‘the way a particular gage responds to the composition, surfacing, the
inclination of transmission holes, etc. » of the individual blocks,

One of the first things noted about these calibration curves is the
relative lack of chemical response for the three gages on the two series
of standards. If parallel lines are drawn through the middle and high blocks
of both sets ( silica and calcareous), there is an offset between them of some
1 to 3 1b per cuft, depending on.the gage. If the same construction is made
between the low and mid-density blocks, the lines either converge Or cross.

The six basic standards, the C and S blocks, have been used for over
a year in testing newly purchased gages for specification compliance, The
gage specifications include requirements for both sensitivity to density, and
maximum permissible chemical effect (14). For the 10 in, transmission test
mode, it is required that there be less than a 4 1b per cu ft spread between
calibration curves drawn through the siliceous and calcareous sets of stand-
ards. The backscatter test must exhibit less than 6 1b per cu ft spread, *

At the present time it appears that a properly designed gage can stay
+ well within these limits, However, the early models of a gage offered for
- testing by one manufacturer had difficulty in passing this requirement in
both the backscatter and transmission test positions. This was overcome by
changing the gage geometry; and by using improved detector tubes which have
only been recently available. These.incorporate a lining which acts as a
partial filter for the terminal low energy radiation reaching the detector.

'Calibration on Standards vs. Large Compacted Soil Samples

A primary question, of course, is, "How does a calibration curve
determined on these blocks work on soils? ! This subject is being investi-
gated at the time of writing of this report, and the findings are scheduled
for publication in the final report. However, tests were made using some
24 individual samples of several different soil types which were compacted
in large molds for another research project. Readings, taken on these
with two nuclear gages, are shown plotted versus the calculated bulk density
of the samples in Figures 4 and 5. Figure 4 is representative of data taken

-with the modified Nuclear Chicago instrument in the 6 and 10 in. transmission
positions. Testing with the Portaprobe in the 6 and 12 in. transmission mode
is shown by Figure 5. The solid line is that of the calibration established for
the particular gage as was shown in Figures 1 and 3.

*Gages purchased by the Callfornia Division of Highways must be capable of
testing in both the backscatter and transmission modes.
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The objectives of the project for which these samples were cornpacted
weresuch that they were prepared in a routine or production testing basis,
They were torn down shortly after their fabrication, and it was not possible
to investigate any of the cases where an unusual variance occurred to see -
if the cause was determinable or correctable. At first glance there appears .
to be a considerable scatter to the data. However, the standard deviation ( @ )
of the data about the calibration line is approximately 3.1b per cu ft for the
10 in, transmission depth with the Nuclear Chicago gage, and 3.5 lb per cu ft
for the Fortaprobe at the 12 in. depth. C ' ' :

The variance of the data may be assumed to be equally divided between:
{1} the random error in the nuclear test method itself; and [2] the difference
between the calculated bulk density of the sample and the actual density being
measured by the gage. Therefore, the standard deviation of the nuclear test
method in determining the true probable density of a site may be estimated by

the expression:
| Un = /V-g. = 2.0to2,51b per cu ft

where () is defined as the standard deviation of the bulk mold density data
about the calibration line, and (0"n) the standard deviation of the nuclear test,

The assumption that factor No. [2] does significantly contribute to the
variance between bulk mold densities and nuclear readings on a compacted
sample is supported by research conducted by the department in 1962 (15, Fig.
4). It was shown that there can be a difference of 2 to 6 Ib per cu ft bétween
the top and bottom halves of a large mold containing compacted soil, or 1 to
3 1bs from the average or bulk density of the sample. At different locations
within the mold, the sand volume test indicated a difference of up to 5 1b per
cu ft from the bulk density of the whole sample, (15, Fig. 3).

In later research conducted by the Materials and Research Department,
the densities at various locations within similar large compacted soil samples
were estimated by various means such as chunk densities, sand volume, and
tube samples. The densities of the various layers placed in compacting the
soil were also calculated on the basis of the weight and compacted volume of
each layer. The range between minimum and maximum densities computed
by the different methods for the individual samples ran from 1 to 7 lb per cu
ft for twelve cases reported, (4, p. 146).

In any event, the indicated accuracy (2.0 to 2.5 lb per cu ft) of the
gage-calibration system is considered adequate for construction control of
so0il compaction, This is especially true where a statistical sampling pro-
cedure is used (16), such as in our current Test Method No. Calif, 231.

This research demonstrated that a single calibration curve determined on the
master standards, {using gages meeting current California specifications)

will be satisfactory for the common soils used in California highway construc-
tion. Some adjustment of the calibration curve may prove to be desirable for
extreme soil types such as slag, lime soils, and possibly some granular soils,
The subject is under study at the present time, and a final conclusion has not
been reached. :
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The  replicas of the prototype standards, which are to be used by
the districts as references to the central set of master standards, have
been fabricated. These are being tested at the present time, and it is
anticipated that each of the districts will be provided a high and low
density set shortly. A 'calibration' density for the various test modes
will be supplied with each standard, which may vary somewhat from the
average or bulk demsity, Ordinarily, the nuclear gages will be initially
calibrated on the master references. After this initial calibration, the
district reference blocks will be used for interim calibration and checking
of the instruments, The master standards will be rotated through the dis-
tricts periodically for calibration of gages and correlation with the District

reference standards, :
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ABSTRACT

REFERENCE: Nordlin, E. F., Stoker, J. R., and Page, B, G.,
"Slotted Corrugated Metal Pipe Drains', State of Californta,
Department of Public Works, Divislon of Highways, Materials
and Research Department Research Report 636453, Audust 1971.

ABSTRACT: The application of a slotted pipe drain in some
areas subject to occasional wheel loads is beneficial to
effective drainage design. The ability of the slotted pipe
to carry legal wheel loads is investigated in this project.
Also, the development and performance of slotted corrugated
metal pipe drains as used on California highways are discussed.
Both 14 gage and 16 gage corrugated metal pipe, 18 inches in
diameter, were investigated. Based upon pipe deflection data
under heavy wheel loads, the slotted drain pipe fabricated to
standards specified in California Standard Plans, January
1971, is capable of carrying occasional legal highway wheel
loads. However, a series of fatigue endurance tests should
be performed on slotted pipe drains if frequent repetitive
loads are anticipated. :

KEY WORDS: Corrugated metal pipe, drains, pipes, drainage,

-inlets, wheel loading, deflection test.
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INTRODUCT I ON

The early collection and dissipation of all surface water on
the traveled roadway is a requirement that faces all designhers
and hydraulic engineers. One method of intercepting surface
water without the need for any form of a surface projecting
inlet structure is the slotted corrugated metal pipe drain.
This drain consists of 12, 18 or 24 inch diameter corrugated
metal pipe with a continuous 1-5/8 inch wide longitudinal
drain slot. Continuity of the pipe is provided by design as
shown on Standard Plan Drawing D98-4, Drawing No. 1 in the
Appendix.

Early installations of the slotted drain pipe were in the

median where the median barriers generally precluded any

whee! load applications and, therefore, after the paving

_operation few, if any, vehicle traffic induced stresses were

applied to the pipe. The hydraulic potential of this type
drain is such that placement In shoulder or ramp areas is
often desirable.where cost is not excessive. Since trucks
occasionally park or stop in the shoulder areas, it is
necessary to accommodate occasional heavy wheel loads in the
slotted drain pipe design for such locations, Some examples
of designs that may be replaced by slotted pipe drains are
shown in Figure 1.

This research project was initiated to review the development
and performance of slotted CMP drains and to perform full
scale load tests to determine the feasibility of using these
drains in occasional traffic bearing areas.
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EXISTING DRAINAGE INLETS
Slotted drain pipe would improve the system.

FIGURE 1
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CONCLUSIONS

1. The current slotted drain pipe design is capable of
withstanding occasional wheel loads with the longitudinal
grate bar flush with the A.C. surface as shown in Drawing
No. 3 in the Appendix. Therefore, the additional strength
obtained from the alternate designs installed as part of
this project could not be determined. '

2. The slotted drain pipe intercepts surface sheet flow
thereby precluding a ponding effect which tends to reduce

clogging by runoff carried debris, especially redwood
bark.

3. Backfil! conditions or compactive effort influence the
pipe deflections. l

b. in areas that appear to be well compacted, the 16 gage
pipe resists loads as well as the 14 gage pipe.

5. A modification to the angle slot type design was found
necessary to prevent pipe closure at the slot.

6. The siotted drain pipe designs that are shown in the
California Standard Plans dated January 1971 (D98-4) and
~the revised SD98-5 dated April 21, 1971 {(see Drawing Nos.

. 1 and 2 in the Appendix) should not be used in areas
subject to motorcycle or bicycle traffic. 1in such loca-
tions the details shown in Drawing No. 3 in the Appendix
woutid be preferable.
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RECOMMENDAT | ONS

When slotted drains are used in an area subject to

two wheel vehicular traffic (motorcycles and bicycles),
the use of the grate slot type with bar spacers at top
and bottom installed flush with the surface is recom-
mended. This type is also considered easier to
maintain. See Drawing No. 3 in Appendix.

Compaction effort around slotted drain pipe should
be given special attention tn vehicle traffic bearing

‘areéas.

It is recommended that slotted drain pipe be considered
whenever the "sheet flow' Interception of surface water
will facilitate and promote traffic safety and where
such an Installation is economically feasible.

If numetrous repetitive vehicle wheel Jloads are proposed
for slotted drain pipe installations, further investiga-
tion on the fatigue life of the welded or bolted
connections, and possibly the pipe itself, should be
conducted.
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DISCUSSION

This project consisted of two parts. The first part involved
the observation of in-place installations and the discussion
~of exlsting designs, construction procedures and problems,

- hydraulic performance, and maintenance with involved personnetl.
The installations observed were !8 inch diameter corrugated
metal pipe in median areas. Generally these drains would not

. be subjected to wheel loads.

The most significant observations regarding design-fabrication-
construction procedures were of an installation near Post Mile
13.5 on Route 60 in Los Angeles. This angle slot type slotted
drain (similar to that shown in Drawing No. 1 of the Appendix)
sustained approximately 15,000 vehicle loadings during a land-
slide repair detour operation. Few, if any, of these vehlicles
were trucks, however. Trafflc related distress was not observed
but an undesirable feature was found to exist at Intermittent
locations throughout the project. Slippage occurred between the
angle and the flashing as shown in Figures 2 and 3. The slot
width reduced to approximately ! inch at several locations and

PIPE CLOSURE ON ANGLE SLOT TYPE SLOTTED DRAIN

FIGURE 2
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in some places 3 quarter could be rested on the resuiting ledge.

undesirable hydraulic loss at the inlet. Also, the resulting
shelf catches rocks and debris which will eventually clog the
drain If not maintained periodically. To Prevent this pipe
siot closure, a recent design revision retocates the structural
tubing spacer 3/8 inch lower so that 1t wil} restrain the pipe
and flashing. This revised detail is shown in Figure 3 and in
Drawing No. 2 of the Appendix ($SD98-5 dated April 21, 1971).

A very practical slotted drain plpe installation that intercepts
runoff to an interchange ramp s shown |n Figure 4. The AC
surfacing adjacent to the drain inlet was observed to have
several tire marks indicating that vehicles had crossed without
e or the surfacing. |t appears

DRAIN INSTALLATION ON AN FLANGE SLOT TYPE
INTERCHANGE RAMP SLOTTED DRAIN DESIGN
FIGURE & FIGURE 5

Several other applications of the slotted drain pipe that have
been observed recently are presented in Figures 6 and 7.
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FIGURE 6

SLOTTED DRAINS SUPPLEMENTING OTHER DRAINAGE
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SLOTTED DRAIN WITHOUT DIKES OR CURBS

FIGURE 7
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in discussing the merits and shortcomings of the slotted drain
pipe with district personnei, it was reported that redwood bark
has not clogged the slotted drains in areas where this might
have been a problem. It appears that the slotted pipe inter-
cepts the water in such a manner that the bark is not easily
transported to the slot. This ''sheet flow" interception would
also tend to preclude ponding in the collection of storm runoff.

To assist maintenance personnel in cleaning slotted drain pipe
grates, consideration has been gliven to placing the grates flush
with the surface rather than 3/4" below the pavement surface

as shown in Drawings No. 1 and 2 in the Appendix. Also, this
placement would facilitate motorcycle and bicycle traffic.
Therefore the drain pipe was installed on a construction project
on Route 11-SD-805-3.5/7.3 with the longitudinal bar flush with
the AC surface. An alternate design incorporated in the above
project provided a second row of cross bar spacers at the surface
to accomplish the objectives of this relocatfon {see Drawing

No. 3 in the Appendix). ‘

The second part of this research project involved evaluating

the load carrying abllity of the most promising designs by com~
paring the deflection characteristics of the pipe under wheel
loads. The first investigation was made using a Benkelman Beam
to measure the deflection of an 18" diameter standard grate type
slotted drain pipe under a 12.3 kip single axle load as shown In
Figure 8. This installation was in the median of a project on
Route 07-0ra-55-4.6/17.8. The trench was excavated to grade with
a shaped bucket and a sand-cement grout was used for backfill

‘matertal. This is a typical instaliation practice when several

lengths of slotted pipe are placed.

Deflections were measured at several distances from the slot to

determine the critical load location for pipe deflection. As
expected, the maximum deflections were measured with the wheel
load at or near the pipe slot. The maximum pipe deflection was

©0.093 inch.

*Cbnsiderable'dffficulty was encountered in positioning the

beam-wheel load combination in the vicinity of the slot. There-
fore, to perform the remaining investigations, deflection
measuring equipment was designed to fit inside the slotted drain
pipe. This eliminated the chance of probe damage by the truck
tires and, also, provided a greater confidence in the deflection
reading by reducing the chance of the probe stipping during the
loading. The testing apparatus is shown in Figure 9.

This internal measuring device consists of a linear potentiometer
capable of accommodating movements to 1.3 inches. The
potentiometer was calibrated with a transducer/strain indicator

to provide vertical movements in mils (one thousandth of an inch).
The potentiometer was supported from the base by an adjustable leg
that accommodated variations in pipe shape or diameter. An
initial reference for each set of readings was obtained by an
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DEFLECTION MEASUREMENTS ON 07-O0RA-55
WITH THE BENKELMAN BEAM

FIGURE 8
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adjustable set screw in the grate clamp
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An exact evaluation of the structural requirements of the drain
was not determined; however, an analytical evaluation of the
standard grate slot design indlicated that the probable failure
mode of the grate slot would be the single row of 5/1¢ inch
€ross bar spaces In bending. The second most probable fallure
mode was determined to be the fillet welds in shear. Therefore,
Design Alternate 1 consisted of modifying the standard grate
design by adding a second row of cross bar Spacers at the top of
the longitudinal bar. Design Alternate 1 was further modified
resulting in Design Alternate 2 by fncreasing the number of
fillet welds to 5/3 the original number. The alternate designs
were expected to accommodate legal wheel 1loads if the current
standard design could not.

Material fronm the trench excavation was used as pipe backfill on
the II-SD*805-3.5/7.3 project. This material was a sandy embank-
ment sol]l combined with some Class 4 aggregate subbase and

Class 2 aggregate base., Location #1 utilizing Design Alternate
| was an exception to this as the Structural section consisted

of .0.50' CcTB over-the aggregate subbase in the shoulder. The
backfill materifal around the drain pipe was Compacted with two
-xMastErsT-IOOO-portéble compactors as shown in Figure 11. These
installations were made with norma! tonstruction procedures,
Inspection, and controls,

BACKFILL COMPACTION ON SLOTTED DRAIN PIPE FOR
i1-5b-805-3.5/7.3

FIGURE 11
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The asphalt concrete in the shoulder areas at all three locations
on Route !1-SD-805-3.5/7.3 had a 0.25' design thickness and was
placed about one week prior to the deflection measurements which

were made with the internal pipe deflection measuring instruments
as shown in Figure 12,

DEFLECTION MEASUREMENTS ON DEFLECTION APPARATUS
1i-sp-805 IN PLACE
WITH INTERNAL INSTRUMENTATION

FIGURE 12

The third investigation was made on a construction project on
Route 11-SD-805-17.1. This installation utilized a shaped trench
and an asphaltic concrete backfill and surfacing material. A
picture of the excavation bucket used to shape the trench is

. shown in Flgure 13. This project was not open to traffic at the

time of this investigation, but the asphalt concrete surfacing
had been placed for several weeks.

FIGURE 13

ClibPDF - www .fastio.com


http://www.fastio.com/

-16-

Deflection of the drain pipe under a wheel load was utilized to
evaluate the performance and capability of the tested slot desligns
and pipe gages to carry applied wheel loads. A distinction should
be made between the results measured with the linear potentiometer-
strainsert (internal) instrumentation that used the pipe invert

for a reference and the results of the Benkelman Beam that uses an
adjacent surface area as reference. Because the pipe invert prob-
ably deflects under load, It was expected that the Benkelman Beam
deflection readings would be slightly higher for a given pipe-wheel
load situation. This apparent discrepancy was reduced somewhat
because the Internal measurements were made with a statlec load

" whereas the Benkelman Beam readlings are taken with a translient or
slow moving load. Deflections under a moving load are generally
less than under a longer held static lcad. Based upon a very few
deflecpion observations on the standard CMP installation, the
“internal measurements are approximately 70 percent of the Benkelman
Beam measurements. However, a valid, reliable comparison cannot be
made because of the few deflection values.

The internal pipe deflection measuring device was considered more
desirable for this application because it was (i) easier to posi-
‘tion,:  {2) much easier to repeat a reading, (3) not subject to
surface slipping, (4) ‘less susceptible to varying surface irregu-
larities, and (5) not subject to damage by the truck tlire.

Internal deflection measurements were made on all of the slotted
drain plipe installations investigated except for the initial
measurements on the project on Route 07-0ra-55. The Benkelman Beam
was used for measuring deflections of slotted drain pipe under a
12.3 Kip single axle load on project 07-0ra-55 and aiso for
determining the deflections of shoulders and the deflection of
standard corrugated metal pipe on the projects on Route 11-SD-805.
Deflection measurements were taken on the Route 11-SD-805 projects
with the center of the dual straddled over the sliot. These
positions are shown plctorially in Figures l4a and 14b.

LOAD ORIENTATIONS Ab APPLIED TO THE“SLOTTED DRAIN PIPE

{a) Load 10" from center line. (b) Load on center line.

FIGURE 14

ClihPD 'wu\
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Additional tests were made on the Route 11-5D-805 projects at
Locations 2 and 3 between P.M. 3.5/7.3 and at Location 4 at P.M.
17.1 with the wheel perpendicular to the slot as shown in Figure
15. This orientation placed all of the applied load directly

on the pipe, and therefore resuited in greater pipe deflections.
It was assumed that trucks using a flotation* tire would apply a
direct load to the pipe in a similar manner. '

LOAD PERPENDICULAR TO SLOT

FIGURE 15

On the Route 11-$D-805 projects, 14 Kip, 16 Ktp,’and 21 Kip single
axle loads were applied to the slotted pipe, shoulder areas, and

a length of corrugated metal pipe extending from the slotted pipe.
The resultant measurements are tabulated in Table 1. The negative
readings shown In this table indicate that the position of the
load and the soil conditions were such that the lateral pressures
influenced the pipe distortion more than the vertical pressures.
This resulted in a small upward movement of the plipe slot.

The existing cross slope of the pavement shoulder at Locatlion 2
on Route 11-$D-805 was approximately 6% greater than at the other
locations, and, therefore, the applied wheel loads are larger
here than at the other locatlions since the lower side wheels were
used in the tests. Theoretically {considering this larger slope)
the dual wheels used in the test carried 56% of the total axle
load. Therefore, the measured deflections shown on Figqure 16 are
plotted against adjusted axle lcads of 15.6 Kip (14 x 0.56 x 2)

to provide relative comparisons with other loads at 14 Kip.

While toading the slotted drain installation to obtaln deflection

values, considerable movement was observed at the upstream ter-
minal end of the siotted pipe. This movement resulted because

% The flotatlon tire is a very wide tire that Is sometimes
considered an alternate to the standard dual tires.
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,thé slot Tn the last six inches of the pipe was not supported by

the grate, thus allowing some closure of the slot when the joad
was applied. A subsequent révision of the metal end cap provides
circumferential support to the pipe end which will reduce the
stress at the end connections. The revised design fs shown in
Drawing No. 2 of the Appendix.

The deflection data obtained by this investigation is considered
to be typical for slotted drain pipe in shoulder installations.
Variations in the measured values are expected to be rather large
because of the segregation and varfation in the backfill materfal,
the applied compactive effort, the location of the applied load
with respect to the measuring instrument, and to a lesser degree
variations inherent in the testing equipment and operator skilis.

Neither visual observations nor test data indicated any failure
of grate components or welds during the testing.

P—
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ANALYSIS OF RESULTS

Relatively high deflection values wére measured on Route 11-3D-805

at Location 2 between P.M. 3.5/7.3 and Location & at P.M. i7.1.
When the data from Table 1 for Location 2 is compared to that for
Locations | and 3, it appears that the soil is more resililient or
that a lesser degree of compaction was attained at Location 2.
This is shown by the measured pipe deflections and by the Benkel-
man Beam deflections in the shoulder. The comparatively high
permanent set values indicate that a lower relative compaction
existed at Location 2. :

The comparatively high deflections measured at Location & at P.M,
7.1 are attributed to voids resulting from the physical! dimensions
of the shaped trench, the pipe diameter, and the AC backfill mate-
rial. The creep rate under load was such that up to three minutes
was necessary to obtain a stabilized deflection value. The
comparative high deflections suggest that for traffic bearing
areas, dense graded asphaltic concrete is not an éffective pipe
backfill material when used with the shaped trench.

) _

Just as the flotation tire applies more stress to a flexible pave-

ment!, it will also induce greater stresses in the siot connection

and pipe than the dual wheel load. In typical load orientations

‘the dual wheel load applies more of a "balanced" load (Yateral and

vertical) on the pipe than the single flotation tire that is
sometimes used as an-alternate. As the pipe defliects under a dual
wheel, more of the load will be carried by the portions of the
dual wheel not over the pipe. Thus more lateral soi] support will
be provided to enable the pipe to withstand larger vertical wheetl
loads. Only a few trucks have been observed to use the flotation
tire at this time, and the percentage to the total truck volume is
assumed to be very small. Therefore, the typical maximum values
imposed on the slotted drain are applied by the dual wheel load at
the center line, parallel to the pipe. An occasional maximum
value will be imposed by a flotation tire (represented by test
data obtained with the dual perpendicular to the slot).

The deflection data in Table 1 indicates that the slotted pipe is
capable of toleration deflections up to at least 0.380 inch. It
appears that for a well compacted installation, legal ioads
applied by dual wheels would cause deflections Jess than 0.100
inch. Also, legal loads applied by flotation tires would cause
deflections less than 0.200 inch.

Therefore, it is concluded that the existing slotted drain design
is capable of supporting heavy wheel loads that may be occasionally
applied in the highway shoulder or interchange ramp areas.

For 'the purpose of comparing variables, deflection data for the
applied wheel loads as shown in Table 1 was proportioned to

wavw fastio.com ) 7 i B
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deflections for equivalent 14 KRip single axle loads. This
proportioning Is a direct ratio for the Benkelman Beam deflections
measured in the shoulder. The average values are projected from
zero in Figure 16 to show the relative shoulder deflection values
at Locations 1, 2, and 3 on Route 11-5p-805-3.5/7.3. However, the
internal measurement of pipe deflections requires additional con-
siderations for proportioning. Since some "set' usually resulted
from a previous load, this was considered when proporticning the

- pipe deflections. It is believed that pipe deflections will not

be linear until a uniform lateral support is provided for the pipe
and, therefore, only points are plotted.

The resultant averages are presented: in Table 2 and Figure 16.
The tabulated average set values In Table 2 are the difference
between the average deflection and the average rebound for the
listed loading position.

in addition to supporting the observations made from the individual
measurements, the average values indicate that very little benefit
can be realized from the 1h gage pipe if the bedding and backfill
material is not resilient and is well compacted. This is exhibited
in Figure 16 at Locations 1 and 3 where the average pipe deflections
were very close for 14 and 16 gage pipe. However, unless special
attention is applied to the compaction effort, the 14 gage drainage
pipe Is probably justified in traffic bearing areas.

' Because the average deflections of the slotted drain pipe for dual

wheel loads (the most prominent type on the highway) do not exceed
the average deflectfons measured in the shoulder area, it appears
that the existing designs are adequate in traffic bearing areas.
However, if numerous wheel load applications are anticipated for
the slotted drain pipe installations, an investigation to determine
the traffic fatigque life of the slotted drain pipe-and its con-
nections should be conducted. The data measured during this
investigation can be used to establish reasonable test 1imits for
such an investigation.
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TABLE 2
Average® Deflections, Mils

- Equivalent 14 Kip Single Axle Whee] Loads

Parallel Loading Perpendicular Loading
Average at CL Pipe Average at CL Pipe
Location ' Deflection Set Deflection Set
11-5p-805-3.5/7.3
f. 14 gage 18 0 -- --
16 gage | 26 -0 -- --
Shoulder 38 ’
2. 14 gage 23 17 77 3
16 gage s 7 142 6
] Shoulder: 55
3. 1h4 gage 24 6 76 3
16 gage. 32 | 13 76 0
A Shoulder 29
ij-én-sos-17.1
k. 14 gage 97 28 208 ‘ 64
Lq7'0?a-55

5. 16 gage -- ' -- 106%% -~

% The 16 Kip and the 21 Kip single axle loads have been proportioned
to equivalent 14 Kip axle loads.
. T, L }r ,»?" e ¥ Lt

** Measured with the “Benkelman Beam for 12.3 Kip single axle loads.
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LOAD - DEFL ECTION F\’ELATIONSHIPS
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FIGURE 16
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APPENDIX

12" thru 24" Slotted C.S.P. Drain
Details D98-4 dated June &, 1970.

12" thru 24" Slotted C.S.P. Drain
Details SD98-5 dated April] 21, 1971.

Special Grate Slot Detail
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